Abstract--Major factors affecting the selected area electron diffraction (SAD) patterns of micas are: lattice properties of the crystal, specimen thickness, orientation of the crystal, properties of the Ewald sphere for electron diffraction, depth of field of the objective lens, and variations in focusing conditions of this lens. Depending on these factors, SAD patterns of 2M 1 muscovite may display different symmetries. Specimen 'finite' thickness affects the intensity in terms of the 'interference function'. The latter function has been evaluated exactly and the intensity distribution has been calculated along the (hk) rows. The observed intensity variations of (hk) spots indicate that the focusing conditions of the objective lens are rather critical for the symmetry of SAD patterns.
INTRODUCTION
Selected area electron diffraction (SAD) gives information about the structure and morphology of a crystal from an area of about half a micron in diameter. The method therefore, has the promise of elucidating the crystal structure of fine-grained layer silicates like clay minerals. However, the potential of SAD has not been fully exploited in this regard, due mainly to the fact that the major factors affecting the SAD patterns have not been properly considered. These factors are: (1) lattice properties of the crystal; (2) properties of the Ewald sphere for electron diffraction; (3) crystal thickness; (4) orientation of the crystal with respect to the incident electron beam (tilt and bending); and (5) properties of the objective lens. These factors are generally well understood in terms of kinematical theory of electron diffraction and well-developed theories exist; e.g. Murr (1970) , Cowley (1967) , Pinsker (1953) and Vainstein (1964) , among others. In this paper, the effects of the above factors will be specifically discussed with respect to 2M1 muscovite. The structure of this mica has been well determined by Xray diffraction (Gtiven, 1971) and by neutron diffraction (Rothbauer, 1971) .
LATTICE PROPERTIES OF MICAS
The reciprocal lattice plane (a'c*) of a hypothetical mica single layer is shown in Fig. la , where the c*-direction is taken parallel to the electron beam. The magnitude of a reciprocal lattice vector Hhk~ and that * Dedicated to Late Professor W. F. Bradley who amply demonstrated the importance of mica structure to clay mineralogy. 97 of its projection on the a-b plane can be calculated from the following relationships for a monoclinic crystal: IHh~l 2 = h2a .2 + k2b .2 +/2c'2 + 21hc*a*cos~* [proj. Hhk~l 2 = h2a*Zsin2fi* + k*2b .2.
The distance APhkt of a reciprocal lattice point above the a-b plane is given by the relationship: This relationship states that all the reciprocal lattice points lying exactly on the ~b plane have h and l indices with (hi3 + l) = 0. Other reciprocal lattice points have a distance defined by APhkl from that plane.
Stackinq sequences in micas
Another complexity relates to the ability of micas and other layer silicates to form modifications with different stacking sequences. SAD patterns can reflect the appropriate symmetry if the 'finite' thickness of the crystal has an integral multiple of the number of layers in a stacking sequence. For instance, for a 3T mica a deviation from hexagonal symmetry may be expected if the number of layers is not 3n. Similarly, for 2M1 muscovite the stacking sequence creates a glide plane which will show up as a mirror plane in the SAD pattern. If there is an odd number of layers, such as three or five, deviation from this mirror plane may be seen on the pattern. A completely random stacking sequence for a mica may give a hexagonal symmetry over the (hk) spots as the (hk) reciprocal lattice rows will superimpose on each other in the manner shown in Fig. l(b) . The calculation of the intensity variation along these rows is rather complicated. Since there are rather extensive treatments of this problem in the literature, it will not be discussed further in this paper.
PROPERTIES OF THE EWALD SPHERE FOR ELECTRON DIFFRACTION
It is well known that the Ewald sphere approximates rather closely a plane for electron diffraction. This plane is often considered to coincide with the a-b plane of the micas in the vicinity of the origin. The intensity of a reflection is a maximum at the exact Bragg condition and falls sharply with slight deviations from this position. It is, therefore, significant to know how much the Ewald sphere deviates from a plane. The amount of this deviation (As) is given by the following relationship:
..As~lproj. Hhkt .
For an accelerating voltage of 80keV, 2 is 0-0418A and As ~ 0"02 xlproj, na~zl 2.
Electron diffraction patterns of micas ~9
As long as we limit our observations to that part of reciprocal space with JHhkll ~< I'0A-1, the maximum deviation of the sphere from the a-b plane will be about 0-02A-1. For the (11) and (02) type reflections of a mica this deviation will be about 0-001 A-1. It is more practical to give the deviation As in fractions of reciprocal lattice parameters in this direction: As' = As/c*. Thus, the exact distance of a reciprocal lattice point from the sphere of reflection is (hkl = Ap -As'. Note that the (hkl is given in fractions of reciprocal cell parameter. This distance is also referred to as the 'excitation error'. In the above discussion, the spread of electron energies due to fluctuations in the accelerating voltage has been considered negligible, which is correct for modern electron microscopes. However, it may be worthwhile mentioning the effect of the beam divergence on the Ewald sphere. The beam incident on the specimen consists of a narrow cone defined by the radius of the condenser aperture and the focal length of the condenser lens. In modern instruments, the minimum angle of this convergence varies between 1-2 x 10 -3 rad. As a result, the sphere of reflection consists of a shell with a width (Aw) which increases with increasing diffraction angle. It can be shown that the ratio As/Aw ~_ lOxlproj. Hhktl at 80keV for a condenser aperture angle of 2 x 10 3 rad. For practical purposes, the beam divergence can therefore be neglected.
CRYSTAL THICKNESS
The effect of the crystal thickness on the electron diffraction pattern is fairly well understood in terms of the shape transform-elongation of the reciprocal lattice points. The thickness of a crystal in a given direction is defined by the number of unit-cells in that direction. The intensity of a reflection is then the product of two functions:
F is the well-known structure factor, which is the scattering amplitude from the n atoms in the unit-cell: F = ~f, e 2r~ir"'s. n S represents, on the other hand, the so-called "interference function" between all the unit-cells whose origins are related to a common origin by the vector:
The interference function is then given by the following expression: For M = oo or even a moderately large number, this function is virtually zero except when the product (a.s) is an integer or zero; then, the function has the value of M. For a crystal with one finite dimension and the two other dimensions rather large (e.g. a mica flake), the intensity distribution is given by:
sin 2 x M3 e. s I ~ F 2 x M 2 x M~ x sin 2 ~c. s
The "interference function" can be simplified further by expressing s in units of e* ; i.e. s = u. e*. Then, the product e. s becomes equal to u. By disregarding M 1, M2 and the subscript of Ma, we are able to reduce the function to the form sin 2 ~zMu
The 'interference function' in this form is perfectly general and is independent of any cell parameter (real or reciprocal). The argument (u) of the function represents the fraction of the distance between two consecutive reciprocal lattice points in any direction. This function has been exactly evaluated over a range from single unit-cell thickness to a thickness of 10 unit-cells. The function has been normalized (i.e. S2/M 2) and plotted in Fig. 2 . The numerical v~lues of S2/M 2 are listed in Table 1 . This function has often been approximated by the expression sinx/x for which tables are available (Sherman and Brockway, 1959) . This approximation has several disadvantages. First, the argument (x) is given in radians and does not directly relate to the reciprocal lattice rows. Second, it only approximates the 'interference function' and therefore deviates appreciably for large values of x.
The 'interference function' (sin 2 ~Mu/sin 27zu) is symmetrical at the origin and at u = 89 i.e. flu) = f (-u) and f( 89 + u) = f(1 _ u). It is, therefore, completely sufficient to list values of the function in the interval u = (~0-5. The "interference function" is also referred to as the shape transform. As seen in Fig. 2 , the function is zero at all points with u = n/M and has maxima for u = (n + 89 where n is an integer but u remains a fractional number. The elongation of a reflection is usually given by the width of the first maximum u = I/M; that is, the reciprocal of the number of unit-cells in that direction. It is also important to realize that there are additional subsidiary maxima and a strong reflection may therefore have effects farther away on the reciprocal lattice row. where V~ is the unit-cell volume (932.6 K 3 for muscovite). The tc for muscovite has been calculated for the strongest reflection (F331 = 61'5; see below for the structure factor calculations) and found to be 363 K for 80 keV. Ordinarily, for electron diffraction one chooses mica flakes of about 100K thickness, a value well below the critical. Kinematical theory of electron diffraction can then be directly applied without worrying about the dynamical effects.
ORIENTATION OF THE CRYSTAL:
TILT AND BENDING
The elongation of reciprocal lattice points due to the shape transform gives rise to a range of crystal orientations for which observable intensity may be present. The half angle ( 89 of the tilt of the crystal is defined by its thickness (t) and the magnitude of the reciprocal lattice vector IHI by a simple relationship:
1/t d
For a mica of 100K thickness and for the (11), (02) type reflections with d = 4-50 K, 89 -~ 0"045 rad, or 2-5 ~ Thus, a (11) or (02) type reflection will be observed over a range of tilt of + 2"5 ~ The range of tilt, similarly calculated, is found to be 1'3 ~ for the (04)-type reflections and 0.65 ~ for the (06)-type reflections.
Bending of mica flakes is rather common and has a similar effect on the SAD pattern. Bending is, however, observed directly by the presence of extinction contours in the electron transmission images.
For a crystal of uniform thickness the 'interference function' affects all the reciprocal lattice points to the same extent as defined by M, number of unit-cells in a given direction. If crystal thickness is not uniform, e.g. wedge-shaped, the interference function will affect each reciprocal lattice point differently corresponding to the values of M in each direction.
Critical thickness
With increasing crystal thickness, the electron diffraction becomes dynamic in nature. The limiting thickness, above which the diffraction is dynamic, is called the critical thickness (to). This value is given approximately by the following equation (Mutt, 1970) :
Fhkl ' OBJECTIVE LENS PROPERTIES: DEPTH OF FIELD AND FOCAL LENGTH VARIATIONS
Depth of the field of the objective lens is defined by the expression: Dii = 2r/~o, where r is the radius of the disc of confusion (i.e. the resolution limit), and ~0 is the objective aperture angle. With r = 10K and ~o = 10-a rad, the depth of field is found to be about 2 ~m for a transmission electron image. In the diffraction mode, the objective aperture is removed and the depth of the field, therefore, is expected to be reduced more than one order in magnitude. Consequently, the focusing conditions become more critical for the diffraction pattern than for the transmission image. If the focusing has been done by examining the transmission image, the diffraction pattern may be off-focus. The depth of the field is still appreciable, however, and allows observation of a finite section of each (hk) row, as indicated in the following paragraphs.
Variations in focal length of the objective lens, The u values are given in fractions of the distance between two consecutive reciprocal lattice points along any direction. For M = 1 the function is unity for all values of u.
achieved by changing the lens current, significantly modify the SAD pattern. In Figs. 3(a-d) , the effects of such focal length variation on the spot intensities of SAD can be easily followed. As an example, let us examine the (11), (l-l), (iT) and (IT) reflections. Figure 3 (a) shows that the (11) reflection is significantly stronger than the others and that there is no center of symmetry in this pattern. As the focal length is slightly changed, the intensities of the (11) now observed (Fig. 3b) . The (11) (20) and (13) reflections have significantly changed. The (20) reflection has become much stronger and its intensity is rather close to that of (20) . Similarly, the (53) and (1J) reflections now have almost equal intensities. It fs interesting to notice on Fig. 3(c) that the (06) and (33) reflections, which appear at this focal length, have rather unusual intensity relationships. The (06) is much stronger than the (06) reflection, indicating that the a-b plane of the mica is slightly tilted. On the micrograph (Fig. 3d ) obtained after further decreasing objective lens current, the (06) and (06) reflections become of almost equal intensity. This result indicates that the depth of the field of the objective lens must still be appreciable in the diffraction mode in order to compensate for the slight tilt.
In conclusion, we may state that the focusing conditions are rather critical and the symmetry determination of the SAD patterns requires a focal series. The variations in focal length give us on the other hand the possibility of scanning to a limited extent the intensity distribution along the reciprocal lattice rods.
COMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL INTENSITY VARIATIONS ON SAD PATTERNS OF 2M 1 MUSCOVITE
In the previous sections the factors which could cause intensity variation have been described. In this section the intensities for the (hk) spots of a 2M 1 muscovite flake about 100A thick (M = 5) will be calculated and compared to the observed values. Because of the very small c* parameter of the crystal we may consider for each (hk) spot the three reciprocal lattice points close to the Ewald sphere (Fig. la) . We call this part of the (hk) row the 'excitation region' for the (hk) reflection on SAD patterns. These three reflections have been listed in Table 2 with their characteristic values: Ap, As', ~ and IFhkt[2 The first three variables are given in fractions of the reciprocal cell parameter e*.
The reciprocal lattice points are plotted in Fig. 4 with respect to a reference plane ~ = 0 which indicates exactly where the Ewald sphere intersects each (hk) row. Thus, the excitation errors (~) of each reciprocal lattice point are given by the distance to that plane. If the objective lens is exactly in-focus during the diffraction, the expected SAD pattern should represent the section of the reciprocal lattice at ~ = 0. The effect of variations in focal length of the objective lens can be visualized by observing sections of the reciprocal lattice at different ~ values.
In order to find out which section of the reciprocal lattice is in-focus, we have to consider the continuous intensity distribution along each (hk) row. For this purpose, structure factors have been calculated using fractional l indices, where l varies with increments of Al = 0.1 from the I index of the first reflection to the l index of the last one in a row. Similarly the interference function has been evaluated for each point corresponding to the fractional or integer I values along the same row. The intensities have been calculated using the expression I = F 2 x (S/M) 2 and the obtained values of F and (S/M). The results are plotted in Fig. 4 . In case of symmetrical rows, e.g. (11) and (]-1) rows for 2M1 muscovite, the intensity distribution has been computed for one of the rows and the other is derived from it by the symmetry. Atomic scattering factors for electrons (Ibers and Vainstein, 1962) and atomic cell parameters reported by Giiven (1971) have been used for the structure factor calculations. The scattering factors have been, however, corrected for the accelerating voltage (80 keV) by multiplying by the relativity factor m/mo = (1 -/ 9 2 c 2 ) -1/2 : 1'1566.
We can easily follow the behavior of SAD patterns with different focusing conditions by comparing Fig, 4 with Figs. 3(a-d) . If we, for instance, compare the intensities for (20) and (20) will become obvious that the SAD image in Fig. 3(b) is focused somewhere between ff = 0 and ~ = -1.0. The SAD image in Fig. 3(d) , obtained after the objective focal length was decreased, is now focused somewhere in the region ~ = 0'0 and ~ = 1"0. The fact that the intensities of these spots are rather close to each other in Fig. 3(c) is important. This indicates that the (20) and (20) spots are receiving quite a portion of diffracted electrons from the vicinity of the (200) and (200) reciprocal lattice points (see Fig. 4 ). This circumstance may be possible if the depth of field in the diffraction mode is still appreciable, because the vertical distance between these reciprocal lattice points is equal to the sum: ~200 + .~200 = (4/3) x c* = 0-07A -1. Similarly, the intensity variations of the (11) is relevant to point out for intensity calculations the possible error in the assumption that the SAD represents just a planar section of the reciprocal lattice. This assumption may be a grave mistake especially for crystals like micas which possess a very small reciprocal lattice parameter in the direction of the electron beam. In fact, I have not been able to find agreement between the observed and calculated SAD intensities for 2MI muscovite on such an assumption.
DISCREPANCIES BETWEEN SAD SYMMETRY AND CRYSTAL SYMMETRY
As was derived by Vainstein (1964) , only six different plane point groups may be observed on the SAD patterns. These are: 2; 2ram; 4; 4mm; 6; and 6ram. Physical, geometrical and instrumental factors may sometimes give rise to deviations in SAD patterns from these symmetries. We will consider only the deviations caused by the factors discussed in this paper.
In general, the symmetry related reciprocal lattice points are expected to have equal intensities on the SAD pattern if their excitation errors ( (i.e. their distances from the Ewald sphere) are equal. This expectation may not always obtain for crystals with monoclinic and triclinic symmetry, even under ideal focusing conditions without any tilt or bending. In such cases, we need in fact to have a certain amount of tilt to observe the symmetry. In monoclinic crystals, only the symmetrical reciprocal lattice points with Ap = 0, (i.e. hi3 + 1 = 0) like (020) and (020), have equal distances to the Ewald sphere. The well-known relationship (Friedel's symmetry) in diffraction, Ihk = Ih~, may not be observed because of different ( values of the centrosymmetrical reciprocal lattice points. Under non-ideal conditions (i.e. the objective lens offfocus and the presence of tilt or bending, non-uniform thickness) SAD symmetry will deviate from the crystal symmetry as discussed above. The plane point group 2mm of 2MI muscovite may then be reduced to all the possible subgroup symmetries such as m, 2, T and 1, The deviation from the actual symmetry would be more pronounced for spots with larger indices, as the difference in excitation errors (() for the symmetrical reflections becomes larger.
Another interesting feature of 2M1 muscovite is the fact that the (02) and (02) reflections are significantly weaker than the (11) reflections. Even a change in focusing conditions and considerable tilt (up to 2"5 ~ for 100 A thickness) do not cause any appreciable changes in the intensities of(02) reflections. This is not the case for other micas or for other layer silicates. These reflections form SAD diagnostic criteria for 2M1 type dioctahedral layer silicates.
